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This thesis is a study of how heat is transported in non-steady-state conditions
from a superconducting Rutherford cable to a bath of superfluid helium (He II).
The same type of superconducting cable is used in the dipole magnets of the
Large Hadron Collider (LHC). The dipole magnets of the LHC are immersed in a
bath of He II at 1.9 K. At this temperature helium has an extremely high thermal
conductivity. During operation, heat needs to be efficiently extracted from the
dipole magnets to keep their superconducting state.
The thermal stability of the magnets is crucial for the operation of the LHC,
therefore it is necessary to understand how heat is transported from the supercon-
ducting cables to the He II bath. In He II the heat transfer can be described by the
Landau regime or by the Gorter-Mellink regime, depending on the heat flux. In
this thesis both measurements and numerical simulation have been performed to
study the heat transfer in the two regimes. A temperature increase of 8± 2 mK of
the superconducting cables was successfully measured experimentally. A new nu-
merical model that covers the two heat transfer regimes has been developed. The
numerical model has been validated by comparison with existing experimental
data. A comparison is made between the measurements and the numerical results
obtained with the developed model.
Keywords: LHC, superfluid helium, He II, superconducting, transient heat trans-




Esta dissertação é um estudo sobre o transporte de calor, em regime não-
estacionário, de um cabo supercondutor do tipo Rutherford para um banho de
hélio superfluido (He II). O mesmo tipo de cabo é utilizado nos magnetos dipolares
do Large Hadron Collider (LHC). Os magnetos dipolares são imersos num banho
de He II a 1.9 K. A esta temperatura o hélio tem uma condutividade térmica
extremamente elevada. O calor gerado nos magnetos durante a operação do
LHC tem de ser extraído eficazmente para que estes se mantenham no estado
supercondutor.
A estabilidade térmica dos magnetos é crucial para o funcionamento do LHC,
para tal é necessário compreender como ocorre a transferência de calor dos cabos
supercondutores para o banho de He II em que estão imersos. A transferência de
calor no He II pode ser descrita pelo regime de Landau ou pelo regime de Gorter-
Mellink, dependendo do fluxo de calor. Nesta dissertação a transferência de calor
nos dois regimes é investigada com recurso a medidas experimentais e a simulação
numérica. Foi medido com sucesso um aumento de temperatura de 8± 2 mK
dos cabos supercondutores em relação ao banho de He II. Neste trabalho foi
desenvolvido um novo modelo numérico que descreve a transferência de calor nos
dois regimes utilizando uma única condutividade térmica. O modelo numérico foi
validado utilizando valores experimentais existentes na literatura. Os resultados
numéricos obtidos com o modelo desenvolvido são também comparados com as
medidas experimentais produzidas neste trabalho.
Palavras-chave: LHC, hélio superfluido, He II, supercondutor, transferência de
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1.1 CERN and the Large Hadron Collider
The European Organization for Nuclear Research (CERN) was founded in 1954,
situated on the Franco-Swiss border close to Geneva. The acronym CERN was
derived from "Conseil Européen pour la Recherche Nucléaire", the provisional
council for setting up the research center, established by 12 European governments
in 1952. The main purpose of CERN was and still is to provide the infrastructure
needed for fundamental nuclear research, making its results generally available.
Sixty years after being founded it counts with 21 member states and is the world’s
largest particle physics center.
Figure 1.1 shows a schematic view of the main accelerators and experimental
facilities that contribute to the research done at CERN, the Large Hadron Collider
(LHC) being the most well known. Operating since 2008 the LHC is a 27 km
long circular accelerator housed in a tunnel 100 m underground previously used
for the Large Electron–Positron Collider (LEP). The LHC is the last stage of a
chain of five particle accelerators having the purpose of producing collisions
between two hadron beams. The first stage is the Linac2, indicated in Figure 1.1,
which accelerates protons up to 50 MeV for injection into the Proton Synchrotron
Booster (PSB). The PSB is the second stage of acceleration, indicated in Figure 1.1
as "Booster", it accelerates the protons from 50 MeV up to 1.4 GeV ready to be
injected into the Proton Synchrotron (PS). The 1.4 GeV protons from the PSB are




Figure 1.1: Layout of the CERN accelerator complex [1].
The third stage of acceleration is the PS, which increases the kinetic energy of
the protons up to 28 GeV, ready for injection into the Super Proton Synchrotron
(SPS). In addition the PS supplies proton beams to three different experiments, as
indicated in Figure 1.1 e.g. the East Area where the beam is used in fixed-target
experiments.
The fourth stage of acceleration is the SPS which increases the kinetic energy
of the protons up to 450 GeV, before injection in the LHC. The SPS also provides
400 GeV proton beams to several fixed-target experiments. The last stage of ac-
celeration is the LHC, which intakes two proton beams circulating in opposite
directions. It increases the kinetic energy of the proton beams up to 7 TeV, to
produce proton-proton collisions reaching an energy of 14 TeV. The collisions take
place at four interaction points around the LHC where the ATLAS, CMS, ALICE
and LHC-b detectors are installed, see Figure 1.1. The detectors measure properties
such as energy, momentum, and charge of the particles created in the collisions.
The data collected provides a way to better understand how matter behaves at a
2
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fundamental level. As indicated in Figure 1.1, ions can be circulated in the LHC,
namely lead nuclei are collided with an energy up to 1150 TeV. These type of
collisions aim to reproduce the extreme temperature and energy density believed
to have existed a fraction of a second after the Big Bang.
CERN has greatly contributed to state of the art fundamental nuclear research
with the discovery of neutral currents in 1973, the discovery of W and Z bosons in
1983, the isolation of antihydrogen atoms in 2010, and the discovery of the Higgs
boson in 2012 [1].
1.2 Dipole Magnets in the LHC
The LHC consists of about 9600 magnets of which 1232 are superconducting dipole
magnets, used to guide the beams around the accelerator ring. The dipole magnets
are a crucial part of a circular accelerator because the strength of the magnetic field
they are able to generate is a limiting factor on the maximum collision energy. In the
case of the LHC the magnetic field must be approximately 8.3 T to allow for 14 TeV
collisions. If room temperature magnets were used instead of superconducting
magnets the accelerator would have to be 120 km in circumference and would
consume 40 times more energy [1].
Figure 1.2: Schematic view of the cross-section of a superconducting dipole magnet
in its cryostat used in the LHC [1].
3
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The dipole magnets used in the LHC are made of niobium-titanium (NbTi)
superconducting cables. To operate at the required magnetic field the magnets
are cooled to a temperature of 1.9 K using superfluid helium. Each dipole magnet
in the LHC weighs about 35 tonnes and is 15 m long. In total approximately
37600 tonnes of material needs to be kept at 1.9 K, requiring a very powerful
cryogenic system. Figure 1.2 shows the main components of the dipole magnets
used in the LHC. The superconducting coils together with the iron yoke are
immersed in a superfluid helium bath kept at 1.9 K and 0.13 MPa. A heat exchanger
pipe with superfluid helium at 1.86 K and 1.6 kPa runs along the iron yoke to
extract the heat generated during operation.
1.3 Scope of the Thesis
The thermal stability of superconducting magnets is a crucial part of the operation
of the LHC. The dipole magnets in the LHC need to operate below certain critical
temperature, magnetic field, and current density values in order to remain in
the superconducting state. This is explained in more detail in Section 2.1. It is
very important to understand how heat is extracted from the magnets in order
to estimate stability margins for its operation. The phenomena responsible for
the heat deposition on the magnets can be categorized into steady state and tran-
sient. The stability margins are closely related to the character of the phenomena
responsible for the heat deposition in the coils. Up to now the experimental work
reported helps understand how heat is transported in steady state conditions
[2]. The study of heat transport in He II in transient conditions relies heavily on
simulation. In this thesis it is investigated how heat is transported in transient con-
ditions from inside the magnet coils towards the heat sink of a liquid helium bath.
Both measurements and numerical simulations have been performed to study the
phenomena governing the heat extraction process. A new numerical model was
developed describing the heat transport in He II in the Landau and Gorter-Mellink
regimes. At the end a comparison is made between the measurements and the
numerical results obtained with the developed model. The comparison of the
obtained measurements with the numerical results demonstrates the validity of











This Chapter focuses on the thermal properties of helium. It describes the heat
transfer mechanisms present in helium I and helium II often referred to as the
normal phase and the superfluid phase, respectively. Special attention is given to
the superfluid phase due to its relevance in both the experimental and simulation
work presented in this thesis. A short introduction on superconductivity is pro-
vided to help understand how a material enters the superconductive state and
what is required for it to remain in that state.
2.1 Superconductivity
Superconductivity is a quantum mechanical phenomenon whereby a material
features zero electrical resistance and the ability to expel magnetic fields when
cooled below its critical temperature. This was discovered in 1911 by the Dutch
physicist Heike Kamerlingh Onnes when cooling mercury down to 4.2 K. Super-
conductivity includes the well known Meissner effect, by which the transition to
the superconducting state gives rise to screening currents that shield any magnetic
flux trying to penetrate the material. A superconductor can be described as being
a perfect conductor and a perfect diamagnetic material. Besides the critical tem-
perature (Tc), there is a critical magnetic flux density or magnetic field (Bc), and
a critical current density (Jc). The combination of these three critical parameters
constitutes a critical surface, as Figure 2.1 illustrates. When all the parameters are
kept below the critical surface the material remains in the superconducting state.
If the critical surface is crossed due to a change in temperature, magnetic field, or
5
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Figure 2.1: Sketch of a three dimensional critical surface of a Type I superconductor.
current density the material transitions into the normal conducting state.
In 1957 John Bardeen, Leon Cooper, and John Robert Schrieffer published a
microscopic theory [3] explaining superconductivity, often referred to as the "BCS
theory" after the names of the authors. The core of this theory is the assumption
that, at very low temperatures, the electrons in a superconductor can be attracted to
each other. This arises from the fact that an electron travelling through the material
will attract nearby positive charges in the lattice. This region of higher density
of positive charge attracts a nearby electron with opposite spin and momentum.
Thus the two electrons form what is called a Cooper pair, which has spin zero.
The Cooper pairs strongly overlap and form a highly collective condensate state.
When this state is reached the energy required to break a Cooper pair is related to
the energy necessary to break all the pairs. This means that possible collisions with
the lattice due to thermal motion are not enough to disturb the condensate. Thus
the electrons can travel through the material without experiencing any resistance.
Allowing the formation of screening currents that never dissipate and expel the
magnetic field from the interior of the superconductor. These currents are referred
to as supercurrents. It is easy to understand from this picture that there must be
a critical point at which the thermal motion of the lattice no longer allows the
existence of the condensate state. At that point the material is no longer in the
superconducting state.
Besides the superconductors described by BCS theory commonly called Type-I,
6
2.2. LIQUID HELIUM
there is a different kind of superconductors called Type-II. These behave as Type-I
superconductors until the critical surface of the Meissner phase is reached. Instead
of transitioning directly to the normal conducting state, Type-II superconductors
enter an intermediate state. This behaviour was described by Ginzburg and Lan-
dau in 1950 in a phenomenological theory [4]. In 1957 Abrikosov introduced the
idea that in the intermediate state, the superconductor has the ability of letting
some magnetic flux penetrate its interior without loosing superconductivity [5]. In
this state it is energetically more favourable to form supercurrent vortices which
let some magnetic flux pass through the superconductor, instead of expelling it
completely.
The intermediate state is often referred to as the vortex state. Figure 2.2 shows
a sketch of the critical magnetic field as a function of temperature for a certain
current density. If the current density dependency is taken into account the two
critical lines in Figure 2.2 become two critical surfaces similar to Figure 2.1.Above
the second critical surface superconductivity breaks down as in Type-I supercon-
ductors. Type-II superconductors can withstand considerably higher temperature,
magnetic field, and current density when compared with Type-I superconductors.
For this reason Type-II superconductors are suitable for large scale projects such
as superconducting dipole magnets.
Figure 2.2: Sketch of a Type II superconductor critical magnetic fields as a function
of temperature.
2.2 Liquid Helium
This Section focusses on the thermal properties and the heat transfer mechanisms
present in liquid helium. When explaining this two subjects a distinction is made
7
CHAPTER 2. THEORY
between helium I (He I) and helium II (He II). Throughout this thesis the word
helium is used to refer to its most common isotope, 4He.
2.2.1 Helium as a Cooling Fluid
Liquid helium is the cryogenic liquid that most closely represents an ideal fluid.
This near perfect behaviour is due to the fact that helium exhibits a very weak
intermolecular potential. As a result of this both gaseous and liquid helium can
be described in classical terms until the superfluid transition. In contrast to this
classical behaviour, below the superfluid transition liquid helium can only be
described using quantum mechanics. The same is valid for the solid phase of
helium. In this Section a summary of the helium phase diagram is provided,
focussing on the characteristics that are different from regular fluids. Figure 2.3
shows the phase diagram of helium.
Like most materials it has two phase-coexistence lines, namely: solid-liquid,
liquid-vapour, and a critical point. In addition to the conventional characteristics,
several unique features can be observed in the helium phase diagram. Liquid
helium can exist in two completely different liquid phases, He I and He II. He I
is a normal liquid and its characteristics can be described using classical fluid
mechanics. He II, also called the superfluid phase, has remarkable properties such
Figure 2.3: Phase diagram of Helium-4 for low temperatures [6].
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as a very low viscosity and a very high thermal conductivity, even when compared
with a high-conductivity solid such as copper [6]. The transition between these
two phases is a second order phase transition, meaning that there is no latent heat
associated with it. As a consequence it is not possible for He I and He II to coexist
in equilibrium.
Helium does not have a triple point where solid liquid and vapour phases can
coexist. This feature is related to the fact that the solid phase of helium only exists
if external pressure is applied. For a more detailed description of the helium phase
diagram, see [6].
2.2.2 Thermal Properties of Liquid Helium
The most relevant thermal properties of liquid helium are plotted in Figures 2.4
and 2.5 using a helium data base called HEPAK®. As highlighted in these figures
a change in all the thermal properties is clearly visible at 2.17 K. The changes in
the thermal properties are related to the phase transition from He I to He II. It is
called the lambda transition due to the distinct shape of the specific heat depicted
in Figure 2.4 b), resembling the Greek letter λ (lambda).
As shown in Figure 2.4 a) in He II the density increases with temperature until
reaching a maximum value after Tλ. In He I the density decreases with increasing
temperature as expected for a classical fluid. Above Tλ the specific heat shown
in Figure 2.4 b) has a value close to what would be expected for an ideal gas.
The specific heat reaches a maximum value at Tλ which is five to six orders of
magnitude higher than that of copper in the same temperature range. Below Tλ
the specific entropy shown in Figure 2.5 a) is proportional to the third power of
the temperature whereas above Tλ it is linear with temperature. This change in
Figure 2.4: a) Density of helium, ρ, as a function of temperature. b) Specific heat
of helium at constant pressure, cp, as a function of temperature. Both plots were
calculated following the liquid-vapour saturation line using HEPAK® database.
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Figure 2.5: a) Plot of the specific entropy of helium as a function of temperature.
b) Plot of the viscosity of helium as a function of temperature. Both plots were
calculated following the liquid-vapour saturation line using HEPAK® database.
slope is characteristic of a second-order phase transition. As stated in Section 2.2.1
this means that there is no latent heat associated with the conversion of He I into
He II, and the two phases cannot coexist in equilibrium.
Figure 2.5 b) shows the dynamic viscosity, which in the case of He I has values
similar to those of the vapour phase of a classical fluid. In the case of He II two
methods can be used to measure the dynamic viscosity. The first method consists of
using a viscosimeter to measure the pressure drop in the laminar regime through a
micro-tube [6]. The second method measures the drag exerted on a disk in rotation
[6]. For a classical fluid these two methods of measurement give the same result.
In the case of He II they give very different results. The first method measures zero
viscosity whereas the second method measures the values depicted in Figure 2.5 b).
The lack of agreement between the two methods was one of the facts that inspired
the creation of a new model consisting of two fluids to explain the extraordinary
behaviour of He II. The main feature of this model is the assumption that He II
is composed of two fluid components, the normal component and the superfluid
component [7]. The first component has the viscosity measured using the rotating
disk and the later has zero viscosity. A more detailed description of the two-fluid
model is given is Section 2.2.4.
2.2.3 Heat Transport Mechanisms in Helium I
As mentioned in Section 2.2.1, He I can be treated as a classical fluid. This Section
provides a brief description of the heat transfer mechanisms present in He I. The
lower limit in terms of temperature of these mechanisms is Tλ, below which He
I becomes He II. The upper limit is the critical point, depicted in Figure 2.3. The
heat transfer in He I can be described using three different regimes.
10
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Figure 2.6: Heat transfer regimes observed at the surface of a heater placed
vertically in an open bath of saturated liquid helium at 4 K, for heat fluxes
of 0.5 to 250 kW/m2 [8].
As depicted in Figure 2.6 there is a transient regime present at the very begin-
ning of the heating process, i.e. for short times. As time elapses new heat transfer
regimes can establish depending on the heat flux being applied. For low enough
heat fluxes a steady state nucleate boiling (NB) takes place after the transient
regime. For higher heat fluxes a metastable nucleation regime takes place after the
transient regime, eventually reaching a steady state heat transfer regime called
film boiling (FB).
In Figure 2.6 the transient heat transfer regime includes the natural convection
regime. Natural convection arises from the fact that temperature gradients in the
fluid result in density differences. The force of gravity sets this different densities
in motion, thus making heat extraction more effective than pure conduction. The
nucleate boiling regime is reached after a certain critical heat flux qC. At this point
gas bubbles continuously form and detach from the heated surface, carrying away
the energy associated with converting liquid into vapour. Therefore the nucleate
boiling regime is even more efficient than natural convection. As the heat flux
increases the amount of bubbles forming at the heated surface increases. This
11
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takes place until a certain critical heat flux, q∗, at which a vapour film forms and
blankets the heater. Since the thermal conductivity of the vapour layer is very
small compared to the thermal conductivity of the liquid, the surface is thermally
insulated from the liquid. Consequently the temperature of the heated surface
suddenly jumps. In the film boiling regime the heat transfer to the liquid is much
less efficient than in any of the other regimes.
Figure 2.7 summarizes the steady-state behaviour of the heat transfer regimes
mentioned before by plotting the temperature increase at the heated surface as
a function of the heat flux. It is clearly visible in Figure 2.7 that the slope of the
plot changes each time a critical heat flux is reached, meaning a new regime is
entered. The hysteresis shown in Figure 2.7 is due to the activation of nucleation
sites where bubbles form. This means that the heat flux required to recover from
film boiling, qr is lower than the critical value needed to enter it in the first place q∗.
As is visible in Figure 2.7, it is not possible to recover from nucleate boiling back
to natural convection once the nucleation sites are activated.
Figure 2.7: Plot of the steady state heat transfer regimes in He I. NC: Nucleate
Convection, NB: Nucleate Boiling, FB: Film Boiling. qC: Critical heat flux to enter




2.2.4 Heat Transport Mechanisms in Helium II
In this Section the heat transport mechanisms present in He II are derived starting
from the two-fluid model. The laminar and the turbulent heat transfer regimes
are usually referred to as the Landau and the Gorter-Mellink regimes, respectively.
Besides these two regimes the phenomenon of Kapitza conductance and the film
boiling regime play an important role in the heat transfer in He II. Up to now both
phenomena are treated from a practical point of view and a satisfactory theoretical
description is still missing [6].
2.2.4.1 The Two-Fluid Model
The two-fluid model is a description of the fluid mechanics of He II, namely
the heat and mass transport. Originally proposed by Tisza [7] and later refined
by Landau [10], it describes He II as a mixture of two interpenetrating fluid
components. The normal fluid component, containing all the entropy and viscosity
in the liquid, and the superfluid component with zero viscosity and zero entropy.
It is important to mention that He II is often called a superfluid because the
word was used to describe its extraordinary behaviour before the two-fluid model
was formulated. After the introduction of the two-fluid model, it is more correct
to say that liquid helium can be found in two distinct liquid phases: He I, and He
II. Furthermore, He II has two components: normal fluid, and superfluid.
The properties of the fluid as a whole are a combination of the properties of
the two components. Thus the density of He II is the sum of the densities of the
two components,
ρ = ρs + ρn . (2.1)
The density of He II is temperature dependent, as well as the normal and
superfluid densities. Figure 2.8 shows the ratio of normal and superfluid densities
as a function of temperature.
As mentioned before in this Section the the two-fluid model assumes that the
normal fluid component carries all the entropy, so the entropy of He II is written
as:
ρs = ρnsn , (2.2)
where s is the specific entropy and sn is the specific entropy of the normal
component. Furthermore, the entropy flux can be written as a function of the
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Figure 2.8: Ratio of the density of the normal and superfluid components [6].
velocity of the normal component vn, as:
S = ρsvn . (2.3)
From equation (2.3) the heat flux q carried by the normal component can be
expressed as:
q = ρsTvn . (2.4)
Equation (2.4) is central to the heat transfer in He II, and will be used in the
subsequent Sections to help understand the different heat transfer regimes. The
total momentum equation for He II can be written using two velocity fields, one
for each component [6],
ρv = ρnvn + ρsvs . (2.5)
Equation (2.5) describes the connection between the two fluid components. In
a closed system of He II, without any forced convection by means of a pressure
difference, it can be assumed a zero net mass flow, which simplifies equation (2.5)
to:
ρnvn + ρsvs = 0 . (2.6)
As equation (2.4) shows a heat flux causes the normal component of the fluid
to flow. This in turn causes the superfluid component to flow in the opposite
direction, as expressed by equation (2.6). This counter-flow is often called internal
14
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convection and is the origin of the remarkable heat transport ability of He II.
The dynamics of He II changes depending on the relative velocity of the two
components. This leads to the existence of two different heat transfer regimes, one
for low and one for high relative velocities [6].
2.2.4.2 The Laminar Regime: Landau Regime
In this derivation of the laminar regime, only the first order effects are taken into
account due to the weak contribution of second order effects to the heat transport
[11]. A description of interesting second order phenomena, like second sound, can
be found in [11]. In the laminar regime the two fluid components are connected by
the continuity equation [6]:
∂ρ
∂t
+∇ · (ρv) = 0 . (2.7)
The total momentum equation of He II is similar to the case of a classical
incompressible fluid, with the exception that the viscosity is only associated with
the normal fluid component,
∂ρv
∂t
= −∇p + η∇2vn , (2.8)
where p stands for pressure and η is the viscosity of the normal fluid com-
ponent. For low relative velocities it is assumed that the superfluid velocity is
consequence of a potential and it is possible to prove that it is a chemical potential
[2]. Under this assumption Landau defined the following relation between the
superfluid velocity and the temperature and pressure gradients:
∂vs
∂t
= s∇T − 1
ρ
∇p . (2.9)
In the case of a one dimensional channel, under steady-state conditions equa-
tion (2.9) becomes the well known London equation, commonly used to describe







From the momentum equation (2.8) together with equations (2.5) and (2.9) it is


















The total momentum equation (2.8) under steady state conditions leads to the
Poiseuille equation:
∇p = η∇2vn . (2.13)
For a channel with constant cross-section, taking the London equation (2.10)
into account, equation (2.13) can be solved. Giving rise to a relation between the









where d represents the diameter of the channel and β is a constant that depends
on the geometry. It is equal to 32 for a pipe with circular cross-section and equal
to 12 for two parallel plates. Using the heat flux equation (2.4) and the relation










This equation resembles a Fourier type law, with a temperature dependent







where the L subscript stands for Landau. Figure 2.9 shows the temperature
dependency of effective thermal conductivity in the Landau Regime for a 0.1 mm
diameter channel. The effective thermal conductivity is a combination of various
thermal properties and varies approximately as T12d2.
Figure 2.9 shows a thermal conductivity 100 times higher than pure copper,
for the same temperatures [12]. From equation (2.16) it may seem that increasing
the diameter would allow a higher heat flux for the same temperature gradient.
In fact there is a limit to this, which defines a critical velocity. Above this velocity
turbulence starts to develop in the superfluid component and the effective thermal
conductivity has lower values.
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Figure 2.9: Plot of the effective thermal conductivity of He II in the Landau regime,
calculated with thermal properties from Hepak® database, for a cylindrical channel
of 0.1 mm diameter.
2.2.4.3 The Turbulent Regime: Gorter-Mellink Regime
When the relative velocity of the two fluid components reaches a certain critical
value turbulence starts to develop in the superfluid component. This behaviour is
described by Gorter and Mellink [13] and gives rise to a dissipative interaction
between the two fluid components. To account for this dissipation mechanism, an
extra term called mutual friction is defined as:
Fns = Aρnρs|vn − vs|3 , (2.17)
where A is the temperature dependent Gorter-Mellink coefficient. The mu-
tual friction term is introduced in equations (2.11) and (2.12), resulting in two















∇p + Fns . (2.19)
From equations (2.18) and (2.19), following the same approach as in the last
Section, it is possible to show that the temperature gradient expression has an








|vn − vs|3 . (2.20)
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Assuming a zero net mass flow and using equation (2.4) the relation between









The first term on the right hand side of the equation is the same as found
in the Landau regime. The second term is a consequence of the mutual friction
between the two fluid components, and varies with the third power of the heat
flux. Thus for high heat fluxes the first term is negligible, and equation (2.21) can
be simplified to:








where f−1 (T) is the so called superfluid thermal conductivity function. Fig-
ure 2.10 shows f−1 as a function of temperature with a distinct maximum at
around 1.9 K.
It is important to note that even though f−1 is referred to as superfluid thermal
conductivity, it does not have units of thermal conductivity. Nonetheless it trans-
lates how efficiently heat can be transported in He II. The understanding of this
function can be useful for example when deciding the operation temperature of a
superconducting magnet coil in He II. A wise choice would be to operate slightly
Figure 2.10: Plot of the superfluid thermal conductivity, also known as f−1 function.
Calculated for saturation conditions using the Hepak® database.
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below the maximum of the f−1 function. In case of a local hot spot, the increase
in temperature would improve the heat transfer and help to recover to nominal
operation conditions.
2.2.4.4 Kapitza Conductance
When heat is transferred from a solid material to He II the first thermal barrier is
the solid-liquid interface. This phenomenon is often referred to as Kapitza conduc-
tance, from the name of the physicist who first identified it in 1941 when studying
the heat transfer from a copper block to He II [14]. This conductance causes a
temperature discontinuity at the solid-He II interface, depicted in Figure 2.11,
which arises from the different acoustic properties of the two materials.
Figure 2.11: Sketch of the temperature discontinuity caused by Kapitza conduc-
tance at the interface solid-He II [6].
The Kapitza conductance is defined empirically as the ratio between the heat





where q is the heat flux and ∆T is the temperature difference between the
surface and the He II. The subscript 0 refers to the limit case where ∆T → 0.
Experimentally this conductance is treated as the relation between the finite values





Up to now there are two theories that try to explain the phenomenon of Kapitza
conductance. The theory of phonon radiation [15, 16] and the theory of acoustic
mismatch [17]. The first theory overestimates the value of Kapitza conductance
while the second theory underestimates it. Experimental studies done by various
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Figure 2.12: Results compiled by V. Sciver for the Kapitza conductance [6]
authors report results that lay between the two theoretical limits, as Figure 2.12
shows.
The Kapitza conductivity depends on parameters such as surface roughness
and shape. Due to the lack of agreement between theoretical predictions and
measurements, usually the Kapitza conductance is determined experimentally.
Van Sciver [6] compiled existing experimental results for copper between 1.8 K
and 2.0 K, and identified the Kapitza conductance, hK (W/K.m2), to be within the
range:
400T3b ≤ hK ≤ 1100T
3
b , (2.26)
where the subscript b indicates the bath temperature. It is important to consider
the effect of Kapitza conductance when doing experimental or simulation work,
due to the limit it constitutes to the amount of heat transferred from a solid
material to He II. It can help distinguish between a temperature measurement of
20
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the solid material or the He II. The Kapitza conductance is taken into account in
the simulation work presented in Chapter 5.
2.2.4.5 Film Boiling Regime
Above a certain critical heat flux, q∗, a film of helium vapour forms at the heated
surface. As in the classical film boiling regime there is a recovery heat flux qR
smaller than q∗, which allows the Kapitza conductance regime to be re-established.
This causes hysteresis in the heat transfer curve, as shown in Figure 2.13. Contrary
to what happens in He I this hysteresis is not observed in all the He II heat
transport experiments [6].
In the film boiling regime the heat transfer is very ineffective due to the low
thermal conductivity of the vapour film that insulates the heated surface from the
He II bath. The heat transfer coefficient associated with film boiling h f b depends
on several physical parameters including heater geometry, orientation, bath tem-
perature, and pressure [6]. Typically h f b is 10 to 100 times smaller than the Kapitza
conductance coefficient hK which can be problematic in cryogenic applications.
For this reason film boiling is the most limiting heat transfer regime in He II,
unfortunately it is one of the least understood due to its complexity. The region
close to the heated surface can contain up to three helium phases: He II, He I, and
vapour. This makes the physical interpretation of the heat transfer much more
Figure 2.13: Typical steady state heat transfer curve for a metal surface in a duct
filled with He II [6]. q∗: Critical heat flux to enter the film boiling regime. qR:
Critical heat flux to recover to the Kapitza conductance regime.
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difficult than the case of single phase He II. Furthermore, there is no theory capable
of describing the multiphase boiling processes [6]. For engineering applications
this heat transfer regime can be expressed using the linear relation:
q = h f b (Ts − Tb) , (2.27)
where the subscripts s and b stand for surface and bath, respectively. The film











In the experimental work presented in this Chapter, a stack of NbTi Rutherford
cables was placed in a bath of He II representing the operating conditions of
a dipole magnet in the LHC. With the goal of investigating the transient heat
transfer in He II, the cable stack is heated and the time evolution of its temperature
is recorded. It is explained how heat has been generated in the cable stack and how
its temperature is measured. As an introduction to the investigated heat transfer
problem the experimentally used structure of the Rutherford cables is described in
detail.
3.1 Superconducting Rutherford Cables
The coils placed around the beam pipe, indicated in Figure 1.2, are made up of
superconducting Rutherford cable stacks. The cable stacks are spaced using copper
wedges, as shown in Figure 3.1, to assure the homogeneity of the magnetic field
generated [2].
The superconducting Rutherford cable used is made of NbTi and it consists
of either 28 or 36 twisted strands, depending on where it is positioned in the coil.
The cable is composed of two layers of strands wrapped around each other and
compressed into a trapezoidal shape. Figure 3.2 a) and b) show respectively a top
view and a cross-section view of cables used in the magnets. Each strand, approx-
imately 1 mm in diameter, consists of approximately 8800 thin NbTi filaments
embedded in a copper matrix [18]. The filaments have a diameter of about 5 µm
and are shown in detail in Figure 3.2.
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Figure 3.1: Cross-section of the superconducting cable stacks used in the main
dipole magnets of the LHC.
As stated in Section 2.1, during operation the values of temperature, magnetic
field, and current density need to be kept below certain critical values for the
magnets to remain in the superconducting state. If in a particular region of the cable
any of these critical values is exceeded, that region becomes normal conducting.
With a very high current still going through the cable the temperature in that region
will escalate due to joule heating. This normal conductive region can rapidly grow
and potentially lead to the meltdown of a dipole magnet. This cascade process
is called quench. The copper matrix in which the NbTi filaments are embedded
plays an important role in case of a quench, serving as a temporary bypass for the
high current.
Figure 3.2: Rutherford cable structure. a) Top view. b) Cross-section. c) Cross-
section of an individual strand. d) Detailed view of the Nb-Ti filaments embedded
in the copper matrix.
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The Rutherford cables in the magnets are electrically insulated from each other
using three polyimide layers, as depicted in Figure 3.3. The insulation scheme
itself is a topic of ongoing research with the goal of combining good electrical
insulation with good cooling performance. It is possible to recover from a quench
without damaging the magnets if enough cooling power is provided. For this
reason a better understanding of how heat can be extracted from the magnets is
crucial for the operation of the LHC.
Figure 3.3: Sketch of the three layer polyimide insulation scheme used in LHC
dipole magnets [8].
3.2 AC-losses in Rutherford Cables
Heat can be generated in Type-II superconductors, such as NbTi, when it is placed
in an alternating magnetic field. As the magnetic flux penetrating the supercon-
ductor changes, vortices break free from their pinning centres and move through
the material. This irreversible process generates heat in the superconductor. In
the case of the Rutherford cable used in the LHC and in this experimental work
there are two additional heat dissipation mechanisms to take into account. An al-
ternating magnetic field generates heat in a regular material like copper by means
of eddy currents. In the same manner heat can be generated in the Rutherford
cable when an eddy current travels across the coupling resistance of two adjacent
NbTi filaments. The same is valid for an eddy current travelling across adjacent
strands. Thus there are three AC-loss mechanisms, one is intrinsic to the Type-II
material and the other two are associated with the coupling resistances of the
NbTi filaments and the strands. In the latter case the amount of heat generated is
higher when the broader face of the cable is perpendicular to the magnetic field.
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Figure 3.4 shows a sketch of how an eddy current can circulate in the Rutherford
cable strands.
The Rutherford cable design is optimised to reduce the amount of heat losses
generated by the mechanisms mentioned above. A detailed explanation of the
techniques used to reduce these losses can be found in [19]. Nonetheless heat can
be generated in the cables using an alternating magnetic field. In the experimental
work presented in this Chapter AC-losses were used to generate heat in the NbTi
Rutherford cables.
Figure 3.4: Sketch of the eddy currents generated in the Rutherford cable by chang-
ing magnetic field. The dots indicate the coupling resistance between adjacent
strands [8].
3.3 Experimental Setup
A pressure regulated cryostat was used to keep a He II bath at constant temperature
ranging from 1.8 K to Tλ at saturation conditions. The main component of the
setup in Figure 3.5 is the superconducting coil, used to generate an alternating
magnetic field. The superconducting coil was connected to the power grid and
operated at 230 VRMS @ 50 Hz. This connection was controlled using a trigger
system.
During the experiment a stack of Rutherford cables was placed at the center of
the superconducting coil. The temperature of the cable stack and the temperature
of the helium bath were monitored using two temperature sensors connected to
a Keithley 3706A microvoltmeter. A level gauge was used to monitor the height
of the helium bath. During the experiment a column of about 300 to 1000 mm of
helium was present above the cable stack sample.
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Figure 3.5: Schematics of the experimental setup.
3.4 Sample Preparation
The cable stack sample placed at the center of the superconducting coil, depicted
in Figure 3.5, is composed of four 20 cm long NbTi Rutherford cables. One of the
cables in the stack was machined as illustrated in Figure 3.6 to accommodate a
temperature sensor. A bare chip Cernox® sensor was used to measure the tem-
perature of the cable. The sensor consists of a resistive element whose resistance
varies with temperature. In situ calibration of the sensor allows the translation of a
measurement of resistance into temperature. The well known four-wire technique
was used to measure the resistance, with a constant current of 10 µA. The voltage
drop was measured using a Keithley 3706A microvoltmeter.




Figure 3.7: Picture of the prepared Cernox® temperature sensor, electrically insu-
lated wiring using a polyimide capillary and transparent epoxy glue around the
sensor itself.
During the experiment heat is generated by means of currents induced in the
Rutherford cable, therefore it is crucial to electrically insulate the temperature
sensor from the cable to guarantee that the voltage drop measured on the sensor
is only caused by temperature.
The sensor was insulated using epoxy glue and a thin polyimide capillary, see
Figure 3.7. Due to its small dimensions the sensor was prepared under an optical
microscope. Two wires were soldered to each leg of the sensor and the soldering
points were insulated with epoxy glue. The thin polyimide capillary was placed
over the cables, leaving only the sensor exposed. The head of the sensor was
insulated using epoxy glue. The sensor is housed in a glue drop of approximately
1 mm in diameter at the end of the polyimide capillary. The sensor was inserted in
place of one of the strands in the cable, as Figure 3.8 a) illustrates.
Each of the four cables was hand-wrapped using three layers of polyimide tape,
following the insulation scheme of Figure 3.3 used in the LHC dipole magnets.
Figure 3.8: a) Picture of the Rutherford cable instrumented with the Cernox®
temperature sensor depicted in Figure 3.7. b) Picture of the instrumented cable




Figure 3.9: Picture of the cable stack sample composed of four Rutherford ca-
bles. The second cable counting from above is instrumented using a Cernox®
temperature sensor.
Figure 3.8 b) shows the instrumented cable insulated with polyimide tape. The first
two layers have a thickness of 50 µm and the third layer is 69 µm thick. Figure 3.9
shows the cable stack sample with the instrumented cable.
The cables in the stack were clamped together using a sample holder made out
of fibreglass epoxy, depicted in Figure 3.10. The sample holder needs to be made
out of non-electrically-conducting material to avoid shielding the sample from the
magnetic field, and to prevent additional heat from being generated close to the
sample.
Figure 3.10: Picture of the sample holder made out of two half cylinders of fibre-
glass epoxy. The sample is clamped using the stainless steel bolts on the side of
the sample holder.
3.5 Experimental Results
Using a program written in LabView a square pulse is sent to the trigger system
shown in Figure 3.5, to connect the superconducting coil to the power grid for
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a period of typically 10 to 300 seconds. During the experiment the temperature
of the bath and the temperature of the sample are recorded each 60 ms using the
Keithley 3706A microvoltmeter. The Cernox® sensor placed inside the sample was
calibrated in situ using the pressure reading of the control unit that regulates the
pressure of the cryostat. The pressure was converted into temperature based on
the fact that the bath was in saturation conditions. This leads to an accuracy in the
temperature measurements of 2 mK using the Cernox® sensor. The experimental
results shown in Figure 3.11 were obtained with a bath temperature of 2.164±
0.002 K in saturation conditions. When the coil is turned on the temperature of the
sample increases approximately 8± 2 mK above the temperature of the bath.
Steady state conditions are reached very quickly when heating the sample,
due to the high thermal conductivity of He II. To study the thermal response
of the sample it is important to have a large amount of measurements while its
temperature rises. In order to obtain a temperature increase which takes a few
seconds, the bath was kept at temperatures very close to Tλ. At such temperatures
the specific heat of He II increases considerably as Figure 2.4 b) shows, which
extends the time it takes to reach steady state conditions. Figure 3.11 shows how
the temperature of the sample increases as a function of time, the trigger signal,
as well as the bath temperature of 2.164± 0.002 K. After 10 seconds the sample
reaches a constant temperature of 2.173 ± 0.002 K. The coil is turned off after
300 seconds and the temperature of the sample drops quickly back to the bath
temperature.
Figure 3.11: Plot of the temperature of the cable stack sample and the He II bath as











This Chapter describes the numerical model developed in this thesis. First it is
shown how the governing equations can be derived from the equations presented
in Chapter 2. It is explained how the thermal conductivities of the Landau and
Gorter-Mellink regimes are crucial in understanding the heat transport in He II.
The model developed is validated by comparison with existing experimental data
from different authors. Finally the model is used to obtain simulation results on
how the heat is transported from the Rutherford cable strands, through the He II
channels, into the He II bath.
4.1 Governing Equations
The energy equation used in this numerical model can be deduced starting from





+ v · ∇T
)
= −∇ · q , (4.1)
where ρ is the density of He II, cp is the specific heat of He II at constant
pressure, and q is the heat flux. As stated in Section 2.2.4.1 a zero net mass flow
can be assumed in the heat transport process and expressed as:
ρv = ρnvn + ρsvs = 0 . (4.2)
31
CHAPTER 4. NUMERICAL MODEL
This means that He II as a whole is stationary and the two fluid components




= −∇ · q . (4.3)
Equation (4.3) is used to study the heat transport in solids. In this numerical
model He II is treated as a solid material with a special thermal conductivity,
which is derived in the next Section. As described in Sections 2.2.4.2 and 2.2.4.3
there are heat equations for the Landau and Gorter-Mellink regimes that relate the
heat flux with the temperature gradient:









• Equation (2.22), the Gorter-Mellink regime:
q3 = − f−1(T)dT
dx
.
The substitution of the heat fluxes from equations (2.15) and (2.22) in equa-
tion (4.3) provides a way of studying the heat transport in both the Landau and
Gorter-Mellink regimes. In Section 4.2 it is shown how these equations were used
to develop a new numerical model which covers the two regimes and describes
the heat transfer in He II in transient conditions.
4.2 Effective Thermal Conductivities
In general the heat transport in solids is studied using a thermal conductivity
to expresses the relation between the heat flux and the temperature gradient.
Typically, this thermal conductivity is temperature dependent. Since this model
considers He II to be equivalent to a solid, it is relevant to explore how its thermal
conductivity looks like. First this Section focuses on how equations (2.15) and (2.22)
can be rearranged in order to obtain effective thermal conductivities that represent
either the Landau or the Gorter-Mellink regime. Secondly it is shown how both
effective thermal conductivities can be combined into a single thermal conductivity
which covers the two regimes.
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4.2.1 The Landau Regime
The effective thermal conductivity of the Landau regime for a cylindrical channel,
derived in Section 2.2.4.2, depends on both the temperature and the channel







As shown in Figure 2.9 the effective thermal conductivity increases with tem-
perature and is proportional to T12.
4.2.2 The Gorter-Mellink Regime
Originally, equation (2.22) was defined by Gorter and Mellink [13] for a one
dimensional channel. It has been shown that equation (4.4) with m = 3.4 fits
experimental data better than equation (4.4) where m = 3 [6].
qm = − f−1 (T) dT
dx
. (4.4)
In this Section, for simplicity the equations are derived assuming m = 3, at the
end it is shown how the equations look like with m = 3.4. Equation (2.22) can be
generalized into the two or three dimensional case using the temperature gradient
instead of the temperature derivative, leading to:
q ≡ − f−1/3 (T)∇T1/3 . (4.5)
It is very important to understand the meaning of the power 1/3 of the tem-
perature gradient present in equation (4.5) to study the heat transfer in the
Gorter-Mellink regime. In this work it is interpreted as being a vector with magni-
tude |∇T|1/3 and with the direction of the temperature gradient, as:
∇T1/3 ≡ |∇T|1/3∇̂T , (4.6)
where ∇̂T is the unit vector with the direction of the temperature gradient.
Furthermore, equation (4.6) can be rearranged to relate directly to the temperature
gradient, as:
∇T1/3 = |∇T|1/3 ∇T|∇T| = |∇T|
−2/3∇T . (4.7)
Thus the heat equation (2.22) can be rewritten as:
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where it is easy to recognize the effective thermal conductivity as being:




The Gorter-Mellink effective thermal conductivity depends on temperature
through the f−1 (T) function, and also depends on the magnitude of the tempera-
ture gradient |∇T|. If m = 3.4 in equation (4.4), the effective thermal conductivity
of the Gorter-Mellink regime becomes:




Equation (4.9) may suggest that the effective thermal conductivity increases
indefinitely as the magnitude of the temperature gradient decreases. In fact for
small enough temperature gradients the heat flux is proportional to the temper-
ature gradient, meaning that equation (4.9) is no longer suitable to describe the
heat transfer.
Up to now equation (4.5) is used to study the heat transfer in the Gorter-Mellink
regime assuming a |∇T| always larger than a constant residual value, γ [20]. It is a
sensible solution to guarantee numerical stability of the calculations when a high
heat flux is applied. In the first steps of calculation, when |∇T| is very small, it is
replaced by the residual value γ. When |∇T| is larger than γ numerical stability is
no longer an issue. This approach requires the value of γ to be set and optimised
depending on the heat flux and geometry being investigated. Figure 4.1 shows the
effective thermal conductivity of the Gorter-Mellink regime as a function of |∇T|.
Figure 4.1: Plot of the effective thermal conductivity in the Gorter-Mellink regime
as a function of |∇T|, calculated for T = 1.8 K and γ = 5× 10−2 K/m.
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In this example the temperature is chosen to be T = 1.8 K and the residual gradient
is set to γ = 5× 10−2 K/m.
For values of |∇T| smaller than γ as indicated in Figure 4.1 the thermal con-
ductivity is constant. A bad estimation of the value of γ can lead to results discon-
nected to what is observed experimentally. Underestimating the value of γ could
lead to an extremely high thermal conductivity. In contrast, overestimating the
value of γ could result in a thermal conductivity independent of the temperature
gradient. As stated before in this Section KGM depends on temperature through
the f−1 (T) function. Figure 4.2 shows how KGM depends both on temperature
and on the magnitude of the temperature gradient, for γ = 5× 10−2 K/m as
Figure 4.1.
In Figure 4.2 it is possible to recognize the distinct shape of the f−1 (T) function,
compare Figure 2.10, with a maximum close to 1.9 K and vanishing to zero as T
approaches Tλ. The step in Figure 4.1 for |∇T| smaller than γ becomes a plateau
in Figure 4.2.
Figure 4.2: 3D plot of the effective thermal conductivity in the Gorter-Mellink
regime as a function of T and |∇T|, calculated for γ = 5× 10−2 K/m.
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4.2.3 Combined Thermal Conductivity
As explained in Sections 2.2.4.1 and 2.2.4.2, heat is carried by the normal fluid
component, which is set in motion by a temperature gradient. There is a critical
velocity at which a transition from the Landau to the Gorter-Mellink regime occurs.
This means that the critical velocity can be interpreted as being equivalent to a
critical temperature gradient.
In Section 4.2.2 the introduction of a constant residual gradient γ accounts for
the fact that, as |∇T| → 0, the thermal conductivity should no longer depend on
|∇T|. This gives rise to a thermal conductivity that is only temperature dependent,
for |∇T| smaller than γ, that can be written as:






If the magnitude of the temperature gradient |∇T| is smaller than a certain
critical value the heat transfer is described by the Landau regime. This means that
when γ is equal to a critical |∇T| the thermal conductivities of the Landau and
Gorter-Mellink regimes take the same value. It is possible to derive how γ looks
like by first setting the thermal conductivities of the two regimes equal:






= KL (T) . (4.13)




















This leads to a parameter γ (T) which is the critical |∇T|. The critical gradient
γ (T) is translated into a critical heat flux and a critical velocity in appendix A.
Figure 4.3 shows how the parameter γ varies with temperature. The value of γ
decreases as the temperature increases, which means that it is easier to enter the
turbulent regime as T approaches Tλ.
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Figure 4.3: Plot of the critical value of |∇T| as a function of temperature, calculated
for d = 1× 10−4 m. γ (T) is used to define the value of |∇T| at which the transition
between the Landau and Gorter-Mellink regime occurs.
With a temperature dependent critical gradient γ (T), it is possible to write a
combined thermal conductivity that covers both the Landau and Gorter-Mellink
regimes, as:
KL,GM (T, |∇T|) =
KL (T) |∇T| < γ (T)KGM (T, |∇T|) |∇T| ≥ γ (T) . (4.15)
Based on the value of |∇T| the thermal conductivity is either described by the
Landau regime or by the Gorter-Mellink regime. This combined thermal conduc-
tivity is presented in a 3D plot in Figure 4.4, which shows how it depends on T
and |∇T|. Both a normal and a logarithmic scale are used to facilitate the identifi-
cation of the functions that compose the combined thermal conductivity, KL,GM.
In Figure 4.4 a) the maximum value of thermal conductivity is the same as in the
Landau regime. Thus its profile resembles the shape of KL shown in Figure 2.9. As
indicated in Figure 4.4 b) the edge from which the value of thermal conductivity
abruptly decreases has the shape of γ (T) that connects the two regimes, see
Figure 4.3. For |∇T| beyond this edge the thermal conductivity is the same as
in the Gorter-Mellink regime. It decreases as |∇T| increases, and has a shape
resembling the f−1 (T) function depicted in Figure 2.10.
This new approach allows the use of a single thermal conductivity which covers
the laminar and turbulent heat transfer regimes in He II. The interpretation of the
connection of the two regimes, described in this Section gives physical meaning to
the parameter γ used up to now as a residual value for the temperature gradient.
The model here derived is based on the thermal properties of He II, without relying
on the need of adjust parameters to overcome the issue of numerical stability.
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Figure 4.4: 3D plot of the combined thermal conductivity KL,GM (T, |∇T|), calcu-
lated for d = 1× 10−4 m. a) Normal scale. b) Logarithmic scale which changes the
shape of the thermal conductivity for better illustration.
4.3 Model Implementation in COMSOL®
COMSOL Multiphysics® is a software developed to perform numerical calculation
on heat transfer, structural mechanics, fluid mechanics, among other branches of
physics. COMSOL® lets the user add a geometry, choose the physics involved in
the simulation, and select the type of numerical solver to be used, e.g.: steady state
or transient. This Section shows how the model developed in Sections 4.1 and
4.2 is implemented in COMSOL® to study transient heat transfer in He II. In this
model He II is treated as a solid material, therefore COMSOL® uses equation 4.3
to compute the time evolution of the temperature. To calculate using this equation
the geometry introduced in COMSOL® needs to be discretized in nodes. This is
done using a mesh which has a size either automatically generated depending
on the physics or defined by the user. Ideally the size of the mesh should be the
largest possible without affecting the numerical results, in order to use efficiently
the computing power available. In the simulations presented in this work the




The thermal properties used in equation 4.3 can be selected from a library in-
cluded in COMSOL® or introduced by the user. He II was introduced in COMSOL®
as a new material, with thermal properties: ρ, Cp, η, and s extracted from Hepak®
database. The superfluid thermal conductivity, f−1 was implemented using a fit
function from Sato [6]. The effective thermal conductivities for the Landau and
Gorter-Mellink regimes (equations 2.16 and 4.9) were defined using the thermal
properties mentioned. The γ (T) function (equation 4.14) that connects the two
regimes and the combined conductivity (equation 4.15) were implemented in the
same fashion. With the combined thermal conductivity defined, equation 4.3, can
be used to calculate the heat transfer in He II in transient conditions. To solve
this equation COMSOL® uses an implicit method called Backward Differential
Formula (BDF). The details about the numerical methods used by COMSOL® are
beyond the scope of this thesis.
4.4 Model Validation
As stated in Section 4.2.2, Gorter and Mellink empirically defined the heat equation
(4.4) for a one dimensional channel. Therefore, it is relevant to make a distinction
between one dimensional (1D) and two dimensional (2D) geometries. In this Sec-
tion the model developed is compared with experimental results which represent
1D and 2D geometries.
Figure 4.5 shows a schematic of the experimental setup used by Van Sciver [21]
to perform measurements on the transient heat transport in He II. Liquid helium is
contained in a coil of stainless steel tubing, which is placed inside a vacuum vessel.
The tubing has an inner diameter of 9.02 mm, a length of approximately 10 m, and
is connected to a helium bath that surrounds the vacuum vessel. The bath is kept
at saturation conditions at a temperature of 1.802 K. At the lower end of the tubing
a copper cylinder with a resistive heater serves as a uniform heating interface to
the He II. During the experiment heat was applied to the copper cylinder and
temperatures were measured using carbon resistors placed in direct contact with
the helium inside the coil using hermetically sealed feedthroughs.
Figure 4.6 shows the temperature increase above 1.802 K, for a heat flux
of 2.22 W/cm2. Van Sciver reports an error of ±5 mK in the temperatures plotted
in Figure 4.6. Each set of data points refers to a different time in the heating process,
from 1.25 seconds up to 5 seconds. For ∆t = 5 seconds a film of vapour starts to
form at the heater’s surface.
Since the length of the stainless steel tubing in Figure 4.5 is much greater than
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Figure 4.5: Schematic of the experimental setup used by Van Sciver to study the
transient heat transport in He II [21].
its diameter it can be pictured as a one dimensional channel. Figure 4.7 shows a
schematic of this one dimensional channel, with a constant temperature of 1.802 K
on one side and a constant heat flux of 2.22 W/cm2 on the other. The geometry
and boundary conditions depicted in Figure 4.7 were introduced in COMSOL®,
and the time evolution of the temperature profile was simulated with the model
derived in Section 4.3.
Figure 4.6: Experimental results from Van Sciver [21].
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Figure 4.7: One dimensional geometry used in simulation to compare with experi-
mental data from Van Sciver.
Figure 4.8 shows the simulation results together with the original experimental
data. The simulation results show good agreement with the experimental data as
distance increases and as time elapses.
Figure 4.8: Plot of the evolution of the temperature profile of Van Sciver’s experi-
ment, calculated using the model derived in Section 4.3. The experimental data
from Van Sciver [21] is also plotted for comparison.
To Further validate the model developed in this thesis, a comparison is made
with experimental data from [22], for a 2D geometry. Figure 4.9 shows a schematic
of the geometry used in the experiment. The vertical channel is filled with He II
and connected at both ends to a He II bath.
During the experiment the bath temperature and pressure were kept constant
at 1.92 K and 0.1 MPa, respectively. A heat flux was applied on the left side of the
channel, as indicated in Figure 4.9. Temperature sensors placed on the wall facing
the heater recorded the temperature during experiment.
To reproduce the experimental conditions indicated in Figure 4.9, the geometry
depicted in Figure 4.10 was introduced in COMSOL®. The geometry consists of
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Figure 4.9: Schematic of the channel geometry used in [22].
a two dimensional channel heated on one side and thermally insulated on the
other. Both ends of the channel are kept at constant temperature, to represent the
connection to the helium bath.
Figure 4.10: Two dimensional geometry used in simulation to compare with exper-
imental data from [22].
Figure 4.11 shows both experimental [22] and simulation results of the tem-
perature increase at the center of the wall facing the heater in steady state for
different heat fluxes. The simulation results show a behaviour consistent with the
experimental data. Furthermore, the agreement with experimental data for both
1D and 2D cases, indicates that the numerical model developed is representative
of the way heat is transported in He II.
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Figure 4.11: Plot of the temperature increase calculated using the model derived in
Section 4.3, for the boundary conditions indicated in Figure 4.10. The experimental
data from [22] is plotted for comparison. The temperature limit Tλ is indicated by
the dashed line.
4.5 Model Behaviour
It is relevant to investigate how heat is transported in He II according to the model
developed and implemented in COMSOL®. Figure 4.12 illustrates the geometry
and boundary conditions used for this purpose. It is a one dimensional channel
heated along its length, with a constant temperature on the right side to represent
a He II bath. The symmetry boundary condition on the left side of the channel
indicates that this geometry is equivalent to a channel with double the size and
constant temperature at both ends.
Figure 4.12: Geometry and boundary conditions of a one dimensional channel
heated along its length.
Figure 4.13 shows how the temperature on the left side of the channel changes
with time. It takes approximately 0.2 seconds to reach a steady state temperature
of 1.4 mK above the initial temperature of 2.16 K.
Figure 4.14 shows how the temperature profile of the channel changes as
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Figure 4.13: Plot of the time evolution of the temperature at x = 0 mm in the
channel depicted in Figure 4.12.
time elapses. At x = 15 mm the temperature is equal to 2.16 K, as indicated in Fig-
ure 4.12. The temperature increases the most at x = 0 mm, since it is the point
furthest away from the constant temperature of the bath, which can be pictured as
the heat sink.
Figure 4.14: Plot of the time evolution of the temperature profile of the channel
depicted in Figure 4.12.
As time elapses the temperature of all the points in the channel rises except at
the boundary on the right side where temperature is kept constant. For this reason
the highest temperature gradient is found at the boundary on the right side on the
channel, as Figure 4.15 shows. At distances between 0.7 mm to 2 mm there is a
change in the slope on the temperature gradient. This indicates that at this distance
44
4.5. MODEL BEHAVIOUR
Figure 4.15: Plot of the time evolution of the temperature gradient profile of the
channel depicted in Figure 4.12.
from the heat sink the temperature gradient is not high enough for the Gorter-
Mellink regime to be established. At that low heat fluxes the Landau regime is the
valid description for the heat transport, leading to values of temperature gradient
smaller than in the Gorter-Mellink regime for x < 2 mm. The plot of the thermal
conductivity in Figure 4.16 helps to better understand this fact. As Figure 4.16
illustrates the thermal conductivity is higher at distances up to x = 2 mm, where
the temperature gradient has its lowest values. In fact the thermal conductivity in
this region is determined by the Landau regime establishing a much more effective
heat transport, compare Figure 4.4 b).
As the temperature gradient increases with x eventually it is higher than the
Figure 4.16: Plot of the time evolution of the thermal conductivity profile of the
channel depicted in Figure 4.12.
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critical value γ (T) and thermal conductivity decreases abruptly. In other words
the thermal conductivity in Figure 4.16 allows the identification of the regions
of the channel that are in the laminar and in the turbulent regime. The time
evolution of the thermal conductivity in Figure 4.16 indicates that the turbulent
region originates on the right side of the channel and propagates to left side
with increasing time. The laminar region on the left side of Figure 4.16 can be
broad or narrow depending on the heat input and on the length of the channel.
It is also possible for the whole channel to be in the laminar regime or in the












5.1 Geometry and Boundary Conditions of the
Rutherford Cable
The Rutherford cables used in the LHC dipole magnets are composed of either 28
or 36 strands. The main difference between the two types of cable is the diameter of
the strands. In this Section the main features of the geometry of the 28 strand cable
are identified and introduced in the model developed in COMSOL®. Figure 5.1 a)
shows a 3D representation of the Rutherford cable used in both the LHC and the
experimental work in Chapter 3.
The Rutherford cable has a repeatable pattern due to the twisting of the strands.
This means that its geometry can be represented by a characteristic portion of the
cable, as depicted in Figure 5.1 b). During operation the magnets are immersed
in a He II bath at 1.9 K which fills the empty spaces in the cable. The voids in
between the cable strands, depicted in Figure 5.1 c), have an intricate geometry
which is very important in understanding how heat is extracted from the cables.
The holes in Figure 5.1 c) are the points where helium cannot reach because a
strand from the top layer presses against a strand from the bottom layer. The
geometry of the helium channels in between the strands, depicted in Figure 5.1 c),
can be decomposed into two identical spiral channels, placed next to each other.
Figure 5.2 illustrates the shape of a spiral channels. This helps to picture the helium
inside the cable as a collection of parallel spiral channels connected to the helium
bath that surrounds the cable.
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Figure 5.1: a) Three dimensional representation of the geometry of the Rutherford
cable used in the LHC dipole magnets. b) 3D model of the strands. c) 3D model of
the He II channels created by the voids in between the strands.
To obtain numerical results with the model developed in COMSOL® it is
important to understand what factors influence the heat transfer, in order to
use the computing power in an efficient way. The helium channels inside the
Rutherford cable can be pictured as a layer of helium placed between two sheets
of copper that represent the strands. Figure 5.3 shows a cross-section view of
this simplified representation of the Rutherford cable. The cable is electrically
insulated with a polyimide material as indicated in Figure 3.3. To account for that,
the connection between the cable and helium bath is made through a thermal
barrier composed of He II and ployimide material. The left and right side of the
geometry depicted in Figure 5.3 is kept at constant temperature to represent the
helium bath.
Figure 5.2: 3D model of the spiral channels of He II, present in between the strands
of the Rutherford cables.
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CABLE
Figure 5.3: Geometry and boundary conditions used in simulation to represent the
Rutherford cable in the dipole magnets of the LHC.
Both the top and bottom of the cable are thermally insulated to account for
the fact that in the dipole magnets the cables are placed on top of each other and
pressed together. In this conditions there is no heat flux crossing the boundaries.
As indicated in Figure 5.3 at the interface between the helium layer and the copper
the phenomenon of Kapitza conductance is taken into account.
Table 5.1 summarizes the values used for the parameters depicted in Figure 5.3.
The width of the cable l, the thickness of the copper dCu, and the thickness of the
He II layer dHeII , are estimated based on the ratio of copper to helium present in a
cross-section of the Rutherford cable. The thickness of the polyimide on the side
corresponds to the three sheets used in the wrapping scheme of the LHC coils,
compare Figure 3.3. The Kapitza conductance at the Cu-He II interface is estimated
based on Figure 3.3 assuming a non-treated cable surface. The heat input qin is
based on the value estimated by [23]. The value is derived from the steady state




Kapitza conductance 20× T3 W/K.m2









The time evolution of the temperature of the Rutherford cable was calculated
using the developed numerical model and the geometry and boundary conditions
described in Section 5.1. During simulation the temperature was registered as a
function of time using two probes placed at the centre of the He II channel and
at the centre of the top copper sheet, shown in Figure 5.3. Figure 5.4 shows how
temperature at the location of the two probes varies with time.
Figure 5.4: Temperature calculated as a function of time at the centre of the He
II channel and the top copper sheet. a)Normal time scale; b) Logarithmic time
scale. The values of the parameters used were the same as in Table 5.1, with the
exception that 85% of qin was used.
The logarithmic scale in Figure 5.4 b) helps to visualize what happens in the
very first instants, as heat is applied to the copper. The copper warms up very fast
compared to the helium inside the cable. This happens firstly because the heat is
being generated directly in the copper and secondly because its specific heat is
very small when compared to He II. After increasing very rapidly the temperature
of copper reaches a plateau, at this point the temperature of He II starts to slowly
rise. This causes the temperature of copper to rise again, and both temperatures
rise until reaching steady state at around 7 seconds.
The temperature was calculated as a function of the distance along two hori-
zontal lines which pass through the centre of the top copper sheet and the centre
of the He II channel. Figure 5.5 shows the temperature profile calculated along
those lines. As Figure 5.5 a) illustrates the temperature in the He II channel rises
everywhere at the same pace, due to the very high thermal conductivity of He II.
The temperature in the copper sheet is highest at the center as Figure 5.5 b) shows,
due to the symmetry of the geometry this point is the furthest away from the heat
sinks on the side.
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Figure 5.5: a) Temperature profile calculated along the centre of the He II channel
depicted in Figure 5.3. b) Temperature profile calculated along the centre of the
top copper sheet depicted in Figure 5.3.
5.3 Comparison Between Experimental and
Numerical Results
The three parameters that change the numerical results the most are the heat input
q, the Kapitza conductance on the Cu-He II interface, and the amount of He II in
the polyimide insulation. Figure 5.6 shows the effect of a change of 10% of the heat
input on the He II temperature calculated at the centre of the channel, depicted in
Figure 5.3. As illustrated in Figure 5.6 an increase in the heat input q results in a
higher steady state temperature. Steady state is reached at around 7 seconds for
the three heat inputs plotted in Figure 5.6. The shape of the curve does not change
in the three cases, the temperature is almost constant for the first 0.1 seconds and
it rises until it reaches steady state at around 7 seconds.
Figure 5.6: Temperature calculated as a function of time at the centre of the He II
channel depicted in Figure 5.3, for different heat inputs.
51
CHAPTER 5. RESULTS
Figure 5.7: Temperature calculated as a function of time at the centre of the He II
channel depicted in Figure 5.3, for different Kapitza constants.
The Kapitza conductance at the Cu-He II interface can be represented by a
constant times T3 as explained in Section 2.2.4.4. Figure 5.7 illustrates the influence
of a changing in the Kapitza constant value. A higher value of Kapitza constant
means a better thermal contact between the copper strands and the He II. It is
visible in Figure 5.7 that, as the Kapitza constant increases the thermal contact is
better and it takes less time for the He II temperature to reach steady state.
Figure 5.8 shows the influence of the amount of He II in the polyimide insula-
tion on the side of the geometry used in the calculations, see Figure 5.3. A higher
amount of He II in the insulation implies a better thermal connection to the bath,
which means a lower steady state temperature.
In summary the heat input and the amount of He II in the insulation influence
Figure 5.8: Temperature calculated as a function of time at the centre of the He II
channel depicted in Figure 5.3, for different percentage of He II in the polyimide
insulation.
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the most the steady state temperature, while the Kapitza conductance is responsi-
ble for the time it takes for steady state to be established. This makes sense because
the Kapitza conductance defines how good the thermal contact is between the
copper and the He II.
Figure 5.9 shows the experimental results of the Rutherford cable stack de-
scribed in Chapter 3 and the numerical results obtained with the developed model
for the first 20 seconds. As is visible in Figure 5.9 the measurements are close to
the numerical results for He II. The temperature measured in steady state is very
close to the numerical simulation. Furthermore the shape of the time evolution
of the measured temperature resembles the numerical results for He II. This is an
indication that the measured temperature is mainly related with the temperature
of the He II inside the Rutherford cable.
In future experimental studies it would be interesting to reduce the amount of
He II channels near the temperature sensor, in order to measure the temperature
of the cable strands. This would allow to study the delay between the tempera-
ture increase of the copper and the He II observed in the numerical simulation
performed in this thesis.
Figure 5.9: Plot of the measured and calculated temperature at the centre of the He
II channel depicted in Figure 5.3 as a funcion of time. The values of the parameters












The goal of this thesis was to investigate how heat is transported in non-steady-
state conditions from a superconducting dipole magnet to a He II bath. To fulfil
this goal both experimental and simulation work has been preformed.
In the experimental work, presented in Chapter 3, a stack of superconducting
NbTi Rutherford cables was placed in a bath of He II, to represent the operating
conditions of a dipole magnet in the LHC. The He II bath was kept in saturation
conditions using a pressure regulated cryostat. Heat was generated in the NbTi
Rutherford cables using a superconducting coil to generate AC-losses. This ap-
proach assures that minimum changes are made to the insulation scheme used in
the LHC. A temperature increase of about 8± 2 mK above bath temperature was
successfully measured with the experimental setup used.
A new numerical model has been developed to study the heat transfer in He II.
The model developed in this work covers the Landau and the Gorter-Mellink
heat transport regimes. It connects the two regimes based on the assumption that
the Landau regime is the natural limitation for the Gorter-Mellink regime at low
temperature gradients. Up to now in literature the numerical studies focus on
the Gorter-Mellink regime and start the calculations assuming a residual value
for the temperature gradient to avoid numerical stability issues. With the model
developed in this work it is possible to study the heat transfer in non-steady-
state conditions, starting from zero temperature gradient. The numerical model
was successfully implemented in COMSOL® and validated by comparison with
experimental data from different authors, for one and two dimensional geometries.
A simplification of the geometry of the Rutherford cable used in the LHC and
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the experimental work is proposed in this thesis. It takes into account the two
layers of strands in the Rutherford cables, and the He II inside the cable, as well
as the Kapitza conductance present at the Cu-He II interface and the polyimide
electrical insulation used in the LHC magnets.
In comparison to the experimental results the numerical model gives a satisfac-
tory agreement, indicating that it contains the factors that contribute the most to
the transient heat transfer in He II.
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The critical heat flux is obtained using the heat equation with |∇T| equal to γ (T):
qcr = −KGM (T, γ) γ (T) = f−
1/3.4 (T) γ1/3.4 (T) . (A.1)
The superfluid critical velocity can be written by combining equations (A.1),




ρsT f−1/3.4 (T) γ1/3.4 (T) . (A.2)
Both the critical heat flux and the superfluid critical velocity can be derived in
Figure A.1: Plots of the critical heat flux (a) and the superfluid critical velocity
(b) as a function of temperature, calculated for different diameters. These values
define the point at which the transition between the Landau and Gorter-Mellink
regime occurs.
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the same way assuming m = 3 instead of 3.4. Figure A.1 shows how the critical
heat flux and the superfluid critical velocity change with temperature. The critical
values are minimum as T approaches Tλ, as expected from the critical gradient
γ (T).
In literature it is common to plot the superfluid critical velocity as a function
of the diameter. The log-log plot in Figure A.2 illustrates this dependency. When
compared with other estimations, the values of vsc calculated with the developed
model occupy the same region of the plot, which indicates that the assumptions of
the model are reasonable.
Figure A.2: Plots of the superfluid critical velocity as a function of the diameter.
The line calculated with the developed model assumes T = 1.8 K. Redrawn from
[6].
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